ABSTRACT This paper presents an enhanced cooperative spectrum sharing scheme in a cognitive radio network, which consists of two pairs: a primary transmitter-primary receiver pair and a secondary base station-secondary receiver pair. The developed scheme is based on a three time slots cooperative spectrum sharing, which exploits the maximum diversity gain for both the primary user (PU) and secondary user (SU). The performance of the developed scheme is assessed through the derivation of new closed-form expressions for both the bit error rate and achievable rate for arbitrary signal-to-noise ratio (SNR). In addition, we carry out an asymptotic analysis in the high SNR regime, which proves that the proposed scheme achieves a full diversity order for the PU and SU. Results of analytical expressions and numerical simulations both verify that the proposed scheme achieves significant gains for error and rate performance, for both the PU and SU, in comparison to other baseline schemes.
I. INTRODUCTION
Cognitive radio (CR) has been proposed as a promising technology to improve the utilization efficiency of the limited radio spectrum [1] . The main essence of CR is that it allows secondary user (SU) networks to coexist with primary user (PU) networks through spectrum sharing, provided that the secondary spectrum access will not adversely affect the PU's performance. The underlay and overlay are commonly used models for spectrum sharing in CR networks [2] . In the underlay model, the SUs are allowed to transmit simultaneously with the PUs as long as the inflicted interference level at the PUs is below a predefined threshold [1] , [2] . In the overlay model, the SUs are allowed to transmit simultaneously with the PUs, provided that the SUs assist the PUs transmission via cooperative communications, such as cooperative relaying or advanced coding [2] .
Cooperative relaying emerged as a promising technology in wireless communications such as CR networks and Device-to-Device (D2D) communications, due to its ability to utilise user diversity as well as provide improved capacity and reliability [3] . This is achieved by the use of intermediate relay nodes, which assist the transmission by relaying the information between the source and destination nodes. The two most common cooperation protocols are Decode and Forward (DF) and Amplify and Forward (AF) [4] .
Recently, the use of cooperative relaying in the underlay CR networks has attracted much attention [5] - [10] . The advantages of cooperative communications has also prompted its application to the overlay model [11] - [19] . This was investigated from an information theory perspective in [11] - [13] . In [14] - [18] , a number of practical schemes for the overlay model were investigated where the SUs cooperatively relay the PU's data in exchange for spectrum access. However, these schemes have predominantly focused on the scenario where the SU's performance was not a main consideration and the PU's performance was either improved or guaranteed, compared to the non-cooperative scenario in which PUs continuously transmit. In [19] , a two time slots overlay scheme was proposed in which both the PU's and SU's performance was considered. However, the scheme presented in [19] could not achieve the full diversity order for the PU and SU.
In this paper, we consider a CR network which consists of a primary transmitter (PT)-primary receiver (PR) pair, and a secondary receiver (SR), which are equipped with a single antenna each. The system model also involves a secondary base station (ST) equipped with multiple antennas, with the aim of exploiting maximum diversity gain for both the PU and SU. In this context, we propose a three time slots cooperative scheme in which the PT leases two of its time slots to the ST in exchange for the ST cooperatively relaying the PT's data using the AF scheme. The main contributions of this paper can be summarised as follows:
• We propose a full diversity three time slots cooperative spectrum sharing scheme which achieves a better error and rate performance for both the PU and SU over a wide range of practical signal-to-noise ratios (SNRs), compared with other baseline schemes namely, the two time slots overlay scheme in [19] and the underlay scheme with no cooperation. This is also unlike previous works in [14] - [18] , which primarily focused on enhancing or maintaining the PUs' performance, whereas the SUs performance were not a main consideration. In particular, unlike the schemes presented in [14] , [15] , [17] , and [18] , our proposed scheme always allows for the SU transmission.
• To evaluate the performance of the proposed three time slots cooperative scheme, closed-form bit-errorrate (BER) and rate expressions for arbitrary SNR are derived. Moreover, asymptotic analysis for the high SNR scenario is carried out to reveal that the proposed three time slots cooperative scheme achieves a full diversity order of N + 1 and N for the PU and SU respectively, which could not be attained using the two time slots cooperative scheme [19] and the non cooperative underlay scheme. Simulations are also provided to validate the analytical results and provide numerical estimation of the significant improvement in error and rate of the proposed three time slots cooperative scheme for both the PU and SU. The rest of this paper is organized as follows. The system model and proposed transmission scheme are introduced in Section II. The error and rate performance of the proposed scheme are then analysed in Section III. Simulation results are presented in Section IV. Finally, Section V gives the conclusions of the paper and summarizes our findings.
II. SYSTEM MODEL AND PROPOSED SCHEME
The system model involves a CR network based on a communication pair made of a primary transmitter/primary receiver, and a secondary transmitter base station/secondary receiver. It is assumed that the secondary transmitter base station has N antennas whereas all other transmitters and receivers have a single antenna each. Fig. 1 displays the cooperative transmission scheme comprising of three time slots. In the first time slot, the PT signal is transmitted to the PR, as well as the ST and the SR. The ST amplifies and forwards the PT's signal in the second time slot. Finally, in the third time slot, the ST own signal is transmitted. It should be noted that the PT remains silent during the second and third time slots. Therefore, the proposed transmission scheme allows for the PR to receive two independent copies from the PT: direct transmission in the first time slot and indirect transmission via the ST in the second time slot. Maximum ratio combining (MRC) is then applied to retrieve the PT's signal from the direct and indirect transmission. The ST's signal is obtained at the SR in the third time slot; and discarding the received signal from the PT and ST in the first and second time slots, respectively. 1 The received signal at the PR in the first time slot is expressed as
where P PU is the transmitted power from the PT,
) is the Rayleigh channel between PT to PR, α is the path loss exponent, d PT, PR is the PT-PR distance, x PU is the transmitted symbol from PT with E[|x PU | 2 ] = 1 and n PR, 1 ∼ CN (0, σ 2 ) is additive white Gaussian noise (AWGN) at PR. At ST, after applying a 1 × N weight vector w † r , where (·) † denotes conjugate transpose, to the N ×1 received signal from the PT, the resultant signal at the ST in the first time slot is expressed as
where In the second time slot, the ST first normalizes the received PT's signal by multiplying y ST in (2) by the normalization 1 The proposed scheme is different from other conventional overlay schemes where the SU's data is transmitted simultaneously with the PU's data by the ST. However, the proposed is similar to other overlay schemes in the sense that spectrum sharing is allowed since the SU is assisting the PU's transmission via cooperative communications.
The ST then amplifies and forwards this normalized signal and applies N × 1 transmit weight vector denoted by w t PU .
The received signal at the PR from the ST is then obtained as
where
I N ) is the Rayleigh channel vector between ST to PR, d ST, PR is the ST-PR distance and n PR, 2 ∼ CN (0, σ 2 ) is the AWGN at the PR. In addition, Q r is the normalization factor, introduced to ensure that the total transmit power at ST is restricted. It is given by
After applying a 1 × N weight vector w † t SU to the N × 1 transmitted signal from ST, the received signal at SR from ST in the third time slot becomes
is the AWGN at SR. Q s is the normalization factor, introduced to ensure that the total transmit power at the ST is restricted. Similar to (Q r in 5), Q s is given by
MRC is then applied at PR for the two received signals in the first and second time slot, given in (1) and (4) respectively. This results in a received signal to noise ratio (SNR) at PR expressed as
while the received SNR at the SR is given by
We note that in the proposed scheme, ST receives only one data stream in the first time slot, i.e., the PT's signal. This implies that the optimal linear receiving weight design is MRC. Therefore, the received weight w r at the ST is chosen as
where . denotes the Frobenius norm. In addition, in the second time slot, the ST only transmits a single data stream, i.e., the PT's signal, and thus the optimal linear transmit weight design is maximal-ratio transmission (MRT). The transmit weight w t PU at the ST is thus chosen as
In the third time slot, the ST only transmits a single data stream, i.e., the ST's signal, and thus the optimal linear transmit weight design is MRT. The transmit weight w t SU at the ST is thus chosen as
Substituting (10) and (11) into (5) and (3), and the resultant expressions into (8) followed by some algebraic manipulation, the SNR at the PR can be written as
We further have
Similarly, substituting (12) into (7), and the resultant expressions into (9) followed by some algebraic manipulation, the SNR at the SR can be written as
It is assumed that the ST has perfect knowledge of the channels h PT, ST , h ST, PR and h ST, SR , which are acquired through a spectrum-band manager that mediates between the primary and secondary users [6] , [20] , [21] . In practice, channel state information (CSI) for h ST, SR can be obtained by the traditional channel training, estimation, and feed-back mechanisms as in [21] and [22] . We acknowledge that obtaining the CSI for h PT, ST and h ST, PR by the ST might be a challenging problem in practice. To this end, several protocols have been proposed in [2] and [23] , which allow secondary and primary users to collaborate and exchange information such that the CSI can be directly fed-back from the primary users to the secondary users.
III. PERFORMANCE ANALYSIS OF THE PROPOSED SCHEME
In this section, we investigate the PU and SU performance for the proposed three time slots overlay scheme in terms of BER and achievable rate. The derived results will enable us to examine the benefits of the proposed three time slots cooperative scheme.
A. SNR ANALYSIS AND DISTRIBUTIONS
We start by presenting the cumulative distribution function (c.d.f) and probability density function (p.d.f) of the SNR for the PU and SU, which will facilitate the ensuing BER and rate analysis.
1) PU DISTRIBUTION
Although the statistics of γ D and γ R are known, deriving the exact distribution of γ PU is intractable. In order to facilitate the derivation of PU distribution, we note that the SNR at the PR in (13) can be accurately upper bounded by [24] , [25] 
where γ RA = min(γ 1 , γ 2 ). We now present the c. 
and
is the lower incomplete gamma function [26] .
Proof: See Appendix A. It shall be noted that the expressions in (17) and (18) will be used to derive accurate expressions for the BER and rate respectively at the PU, as will be shown in the following sections.
2) SU DISTRIBUTION
We note that γ SU is a chi-squared RV with 2N d.o.f. with c.d.f. and p.d.f given, respectively, by
B. BIT ERROR RATE
In this section, we utilize the new c.d.f. result in (17) to derive the BER of PU for a wide range of modulations and present a BER expression at the SU for the proposed three time slots cooperative scheme. In particular, we first consider the symbol error rate (SER) of general modulation formats given by
where Q(·) is the Gaussian-Q function defined as [27] . This also applies to other modulation formats for which (21) is an approximation, e.g. M -PSK (a = 2, b = sin 2 (π/M )) and
To derive expressions for the BER as a function of the SNR per bit, when using M -ary signalling, we use the common approximation [27] , [28] 
whereγ D,b ,γ 1,b ,γ 2,b andγ SU,b denotes the average received SNR per bit.
1) PU's BER
We now present a new expression for the BER at the PU, given by the following corollary. Corollary 1: The BER at the PU for the proposed three time slots cooperative scheme can be approximated by
; υ k + 1;
where 2 F 1 (·, ·; ·; ·) is the Gauss' hypergeometric function defined in [26] . Proof: We begin by rewriting the SER expression given in (21) directly in terms of the c.d.f. of PU in (17) , using integration by parts, as follows
We then proceed by substituting (17) into (24), and solving the resultant integral using [26, eq. (6.455.
2)].
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Finally, by applying the approximations in (22), we obtain the desired result.
2) SU's BER
The BER at the SU for the proposed three time slots cooperative scheme can be approximated by
(25)
Proof: The result follows by substituting (19) into (24) and solving the resultant integral using [26] . Finally, by applying the approximations in (22), we obtain the desired result.
C. DIVERSITY ORDER
To gain useful insights, we analyse the achieved diversity order at the PU and SU for the proposed three time slots cooperative scheme. Diversity order is one of the key factors governing BER performance in the high SNR regime.
1) PU's DIVERSITY ORDER
We now present the achieved PU's diversity order for the proposed three time slots cooperative scheme in the following corollary.
Corollary 2: At high SNR, the diversity order achieved by the proposed three time slots cooperative scheme at the PU is given by
Proof: See Appendix B.
2) SU's DIVERSITY ORDER
We note from (19) that the received SNR at the SU is a chi-squared RV with 2N d.o.f. Therefore, the diversity order achieved by the proposed three time slots cooperative scheme is given by
D. ACHIEVABLE RATE
In this section, we utilize our new p.d.f. result in (18) to derive the achievable rate of PU for the proposed three time slots cooperative scheme. We then present a rate expression at the SU for the proposed three time slots cooperative scheme.
1) PU's RATE
We now present a new closed form expression for the rate achieved at the PR for the proposed three time slots cooperative scheme, given by the following corollary. [26] . Proof: See Appendix C.
Corollary 3: The rate at the PU for the proposed three time slots cooperative scheme can be upper bounded by
R PU = 1 3 ln(2) (N )γ D N −1 k=0 1 γ N 1γ k 2 + 1 γ N 2γ 2 k ξ −υ k 2 (υ k ) k! ×  γ D e 1 γ D E 1 1 γ D − e ξ 1 υ k −1 m=0 m+1 p=1 ξ m 2 (p − (m + 1), ξ 1 ) ξ 1 p   ,(28)
where E 1 (·) is the exponential integral [29, eq. (5.1.1)] and (·, ·) is the upper incomplete gamma function

2) SU's RATE
The rate at the SU for the proposed three time slots cooperative scheme is given by
Proof: The result is obtained by substituting (20) into (31) and solving the resultant integral using [30, eq. (78)].
E. COMPARISON WITH OTHER BASELINE SCHEMES
To demonstrate the advantages of the proposed three time slots overlay scheme, we consider other baseline schemes, namely, the non-cooperative underlay scheme and the two time slots overlay scheme in [19] . Under the non-cooperative underlay scheme, the PT continuously transmits to the PR directly. At the same time, the ST continuously transmits to the SR directly, while canceling its interference to the PR. As a result, the SR will also receive interference from the PT transmission. On the other hand, in the two time slots cooperative scheme developed in [19] , the PT transmits its signal to the PR in the first time slot, and in the second time slot, the ST amplifies and forwards the PT's signal, and simultaneously, transmits its own signal while the PT remains silent. Table 1 illustrates the diversity order for the proposed three time slots in comparison with other baseline schemes. It can be noted from Table 1 that the full diversity order for both PU and SU can only be achieved using the proposed three time slots cooperative scheme of this paper. This indicates that the proposed cooperative three time slots scheme can achieve better error performance at high SNR for both the PU and SU, compared with the two time slots overlay scheme and the noncooperative underlay scheme, as will be demonstrated in the next section.
IV. SIMULATION RESULTS
We now present numerical results for the BER and achievable rate at the PU and SU for the proposed full diversity three time slots overlay scheme, the non-cooperative underlay scheme and the two time slots overlay scheme in [19] , for various numbers of antennas at the ST. For convenience, we denotē γ A = P PU σ 2 andγ B = P SU σ 2 . Furthermore, for simplicity we consider a system topology where the PT, PR, ST, and SR are collinear [15] , [19] . In particular, the ST is located between the PT and the PR and the PT is located between the ST and the SR. Therefore, we have
However, it shall be noted that the analytical results and the main insights obtained in this paper extend to any system topology setting.
A. SIMULATION RESULTS FOR BER
For a fair comparison between the schemes, we maintain the same spectral efficiency between the three schemes. Therefore, we use the 8-PSK modulation scheme (a = 2 and b = 0.15) for the proposed three time slots cooperative scheme, the QPSK modulation scheme (a = 2 and b = 0.5) for the two time slots overlay scheme and BPSK modulation scheme (a = 1 and b = 1) for the non-cooperative underlay scheme. We note that high order modulations schemes are used for the proposed full diversity three time slot cooperative spectrum sharing scheme and the two time slots overlay scheme to compensate for the loss in spectral efficiency, due to the use of three and two time slots for transmission in these schemes, respectively, as opposed to the the non-cooperative underlay scheme where one time slot is used for transmission. As such, spectral efficiency is maintained the same for all schemes. the non-cooperative underlay scheme and the two time slots overlay scheme, for two antenna configurations, (a) N = 2, and (b) N = 4. In Figs. 2 and 3 , the 'PU proposed three time slots (Analytical)' curves are from (23) , and closely match the exact BER curves obtained using Monte Carlo simulations. Figs. 4 and 5 plot the BER vs.γ A at the SU for the proposed three time slots cooperative scheme, the noncooperative underlay scheme and the two time slots overlay scheme, for two antenna configurations, (a) N = 2, and (b) N = 4. In Figs. 4 and 5, the 'SU proposed three time slots (Analytical)' curves are from (25) and closely match the exact BER curves obtained using Monte Carlo simulations. We see from Figs. 2, 3, 4 and 5 that the PU's and SU's BER performance for the proposed cooperative three time slots scheme outperform the PU's and SU's BER performance for the non-cooperative underlay scheme and the two time slots overlay scheme respectively, for all SNR values and antenna configurations. This can be explained by the first noting that VOLUME 5, 2017
the BER performance is dominated by the diversity order especially in the high SNR regime, and the fact that the proposed three-time slots scheme achieves a higher diversity order for both the PU and SU, compared with the noncooperative underlay scheme and the two time slots overlay scheme, as shown in Table 1 .
B. SIMULATION RESULTS FOR ACHIEVABLE RATE
The rate achieved at the PU and SU, for the proposed three time slots cooperative scheme, is respectively obtained as
On the other hand, the rate achieved at both PU and the SU, for the two time slots overlay scheme, is respectively obtained as
Finally, the rate achieved at both PU and the SU, for the noncooperative underlay scheme, is respectively obtained as
In the above expressions, γ
Underlay PU and γ 2Ts, Overlay PU denote the received SNR at the PU for the non-cooperative underlay scheme and the two time slots overlay scheme, respectively, with expressions given in [19] . Similarly, γ
Underlay SU and γ 2Ts, Overlay SU denote the received SNR at the SU for the noncooperative underlay scheme and the two time slots overlay scheme, respectively, with expressions given in [19] . Note that R PU and R SU are multiplied by factor of 1 3 as three time slots are used for PU and SU transmission in the proposed scheme, whereas R PU, 2Ts, Overlay and R SU, 2Ts, Overlay are multiplied by factor of 1 2 as two time slots are used for PU and SU transmission in the two time slots overlay scheme. This is in contrast to R PU, Underlay and R SU, Underlay where one time slot is used for PU and SU transmission in the non-cooperative underlay scheme. Figs. 6 and 7 plot the rate vs.γ A at the PU for the proposed three time slots cooperative scheme, the non-cooperative underlay scheme and the two time slots overlay scheme, for two antenna configurations, (a) N = 2, and (b) N = 3. In Figs. 6 and 7 , the 'PU proposed three time slots (Analytical) scheme' curves are from (28) , and are almost identical to the exact rate curves obtained using simulations. Figs. 8 and 9 plot the rate vs.γ A at the SU for the proposed three time slots cooperative scheme, the non-cooperative underlay scheme and the two time slots overlay scheme, for two antenna configurations, (a) N = 2, and (b) N = 3. In Figs. 8 and 9 , the 'SU proposed three time slots (Analytical) scheme' curves are from (29) , and clearly identical to the exact rate curves obtained using simulations. It can be noted from Figs. 6, 7, 8 and 9 that both the PU's and SU's rate for the proposed three time slots cooperative scheme outperform the PU's and SU's rate achieved by the two time slots overlay scheme and the non-cooperative underlay scheme, for a wide range of practical SNR values and antenna configurations.
We also note that, in the high SNR regime, the PU's and SU's rate for the non-cooperative underlay scheme and the two time slots overlay scheme outperform the PU's and SU's rate achieved by the the proposed three time slots cooperative scheme. This can be explained by first noting that in the high SNR regime, the achievable rate performance is dominated by the value of pre-log factor of the rate, and the fact that the proposed three time slot spectrum sharing scheme has lower pre-log factor value than the other two schemes, as can be seen from (30)-(35). Hence, the detrimental effect of a lower pre-log factor dominates the beneficial effect of a higher diversity order for the achievable rate performance of the proposed scheme in the high SNR regime.
Finally, we observe that while the proposed three-time slots overlay scheme achieves full diversity order and thus enhanced BER performance for both the PU and SU, compared to the two-time slots overlay scheme and the noncooperative underlay scheme; this comes at the expense of achieving lower achievable rate than the two-time slot overlay scheme and the non-cooperative underlay scheme in the high SNR regime. Hence, the proposed scheme is beneficial to be implemented in CR networks, where achieving high BER performance is of vital importance.
V. CONCLUSIONS
This paper presented a full diversity three time slots overlay spectrum sharing scheme for CR networks. Detailed performance analysis has been carried out to derive closed form expressions for the error and rate performance of the proposed scheme. Numerical results demonstrated that the proposed full diversity three time slots scheme outperforms other schemes in the literature over a wide range of practical signalto-noise ratio values for the error and rate performance. The results in this paper indicate that the proposed full diversity scheme is beneficial for the successful deployment of cognitive radios networks.
APPENDIX
A. PROOF OF LEMMA 1
Using the fact that γ 1 and γ 2 are independent random variables, then we have
where F γ RA (x) denotes the c.d.f of γ RA in (16) . We note that γ 1 and γ 2 are a chi-squared RV with 2N d.o.f. with c.d.f. given, respectively, by
Therefore, substituting (37) and (38) in (36), and performing some simple mathematical manipulations, the c.d.f of γ RA can be derived as
(39) VOLUME 5, 2017 Taking the derivative of F γ RA (x) in (39) w.r.t to x, the p.d.f of γ RA is derived as
We observe that γ D is an exponential RV. Thus, according to [31] , the Laplace transform of the p.d.f of γ ub PU can be represented as
In order to compute the inverse Laplace transform of (41) [26] to solve the resultant integral.
B. PROOF OF COROLLARY 2
In order to derive expressions for the diversity order at high SNR, we first consider the symbol error rate at high SNR, given by
The received SNR at the PU is given by γ PU = γ D + γ R . Hence, the aggregate diversity order G d pu at the PU is obtained as [32, Proposition 4 ]
where G d D and G d R are the diversity order of the γ D and γ R , respectively. Since γ D in (13) follows an exponentially distributed RV, the diversity order of γ D is given by [32] 
We note that γ R is the harmonic mean of two chi-squared random variables. Hence, the diversity order of γ R is given by [33] 
The final result follows by substituting (44) and (45) in (43).
C. PROOF OF COROLLARY 3
We proceed by noting that the rate at the PR for the proposed overlay scheme is upper bounded by
where f γ ub PU (x) is given in (18) . Thus, substituting (18) into (46), we obtain 
where A = 1 3γ Dγ N 1 (N ) ln (2) . By utlizing the integral identity in [29] and [30, eq. (78) ] to compute the first and second integral of (50), respectively, we arrive to 
Following a similar approach, T 2 is obtained as 
where B = 1 3γ Dγ N 2 (N ) ln (2) . The final result follows by substituting (51) and (52) in (47), and using some mathematical manipulation.
